aries on the ability of these cells to transmit flickering
ner under certain dark-adapted conditions and thus beKaneko, 1970). Since these cells do not generally exlong to a special class of bipolar cell in terms of both press voltage-gated Na ϩ channels and often respond their morphology and excitability. Ionic channels located to stimulation with graded and sustained membrane in the axon terminal may thus play an active, and perpotential changes, they are classified as nonspiking haps dominant, role in shaping the light responses of some bipolar cells. Furthermore, spiking frequency was limited by a long refractory period, which sets bound- § To whom correspondence should be addressed (e-mail: protti@ mpih-frankfurt.mpg.de).
aries on the ability of these cells to transmit flickering 
inset). Upon light Results
stimulation, a spike-like depolarization followed by a pronounced afterhyperpolarization (AHP) was observed.
Morphological Characterization
These spikes occurred at both the resting potential Whole-cell patch-clamp recordings were performed in (‫ف‬Ϫ42 mV) and at Ϫ60 mV. We thus often hyperpolarized goldfish retinal slices. Cell morphology was identified cells to Ϫ60 mV to avoid their tonic loading with Ca 2ϩ via either Lucifer yellow or Ca 2ϩ indicator dye fluores-(Kobayashi and . In 6 of the 7 cells with cence. We systematically tried to record from Mb1-type light-evoked responses, spontaneous spikes were also bipolar cells, whose somas were located in the outer observed at a low frequency (0.05 Ϯ 0.02 Hz), which part of the inner nuclear layer (INL). Mb1 cells are mormay have been caused by stray light from imperfect phologically characterized by having short and stout dark conditions. The remaining cell was completely sidendrites, a large flask-shaped cell body, a thick axon, lent over a period of 1 min. Another cell, which displayed and a single bulbous axon terminal ‫01ف(‬ m in diameter). spontaneous spikes, did not respond to light stimula- Figure 1A shows an example of the layered morphology tion, suggesting that either the photoreceptors or the of a goldfish retina. Superimposed on the transmitted synaptic contacts between the photoreceptors and the light image, the bright fluorescence of an Mb1 cell soma bipolar cell in question were not functional. Thus, a total was located in the INL. The morphological reconstrucof 8 cells out of 16 were capable of light-evoked or tion (three focal planes) of the fluorescent image of the spontaneous spiking. The remaining 8 Mb1 cells were same bipolar cell is shown in Figure 1B . The large synapnot only silent in the darkness but were also unrespontic terminal usually contained telodendrial appendages sive to light stimulation. However, after perfusion with and was localized to the proximal inner plexiform layer the L-type Ca 2ϩ channel agonist BayK 8644 (10 M; (IPL). The morphology is thus consistent with that of an Nowycky et al., 1985) , all 8 of these cells switched to a Mb1 bipolar cell (Sherry and Yazulla, 1993 with variable amplitude were observed in only 2 of these M⍀, n ϭ 18) and of light-adapted cells was 249 Ϯ 23 13 cells ( Figure 2B ). In the remaining 11 cells, following M⍀ (range: 115-384 M⍀, n ϭ 13). The activity from 16 Mb1 cells was recorded in dark-adapted conditions, break-in, the ubiquitous presence of small amplitude fluctuations (3-4 mV; Figure 2C , upper panel) in membrane potential was a hallmark of Mb1 cell activity under light-adapted conditions. In 6 of the remaining 11 cells, upon perfusion with BayK 8644 (10 M), these cells switched from small amplitude fluctuations to an all-ornone, full-blown, periodic spiking mode, which appeared at a remarkably constant frequency of 0.43 Ϯ 0.2 Hz (n ϭ 6 cells; Figure 2C , lower panel). The remaining 5 silent cells showed no response to BayK 8644 (10 M). One of these 5 cells had no synaptic terminal (presumably cut during slicing), and this cell also had no observable voltage-gated inward currents. The small amplitude and long duration of the spikes suggest that they are distinct from Na ϩ action potentials. Indeed, Mb cells lack voltage-gated Na ϩ channels (Kaneko and Tachibana, 1985) , and spontaneous spikes were resistant to tetrodotoxin (400 nM, n ϭ 2 cells) but were abolished by perfusion with the L-type Ca 2ϩ channel blocker nifedipine (10 M, n ϭ 2 cells). Spontaneous spikes also disappeared in a medium containing low external Ca 2ϩ (0.5 mM Ca 2ϩ and 3 mM Mg Figure 3D , fourth, fifth, and sixth traces). Furthermore, a spontaneous spike that preceded the flash ing of the spikes is important since it depends on light intensity ( Figure 3A) . Furthermore, the reproducibility of by Ͻ1 s obliterated any light-generated response ( Figure  3D , lowest two traces). Thus, these Ca 2ϩ spikes display the spike waveform is also important because the amount of transmitter release from the bipolar cell termia refractory period that is much longer than that of conventional Na ϩ action potentials. This refractory period nal will depend on the spike waveform. of 1-2 s was observed in 2 cells with stable recordings lasting Ͼ30 min. Under all circumstances, spikes exhib-APB and Nifedipine Abolish Light-Evoked Spikes In the vertebrate retina, darkness depolarizes photoited an absolute refractory period Ͼ1 s.
Another remarkable feature of the light-evoked spikes receptors, and the consequent increase in glutamate release leads to a hyperpolarization of ON bipolar was the high reproducibility of their waveforms during different trials. This is exemplified in Figure 4A , in which cells. Likewise, 2-amino-4-phosphonobutyric acid (APB), a selective agonist for the metabotropic glutamate nine individual responses from the same cell are superimposed. A 200 ms flash of 1000 IU was given at the receptor subtype 6, hyperpolarizes ON bipolar cells suppression of the guanosine 3Ј:5Ј-cyclic monophosphate-(cGMP-) gated inward current, which was not completely abolished by the levels of transmitter present in the dark (Nawy and Jahr, 1991). The blocking effect of APB was reversible after prolonged washout ( Figure  4B , right trace). We also tested the effect of APB on the spontaneous spiking of 2 light-adapted Mb1 cells, and APB (100 M) also blocked the occurrence of spikes in these 2 cells (data not shown). The APB thus mimics the dark-adapted condition when glutamate is tonically present in the synaptic cleft. Bath application of the L-type Ca 2ϩ channel antagonist nifedipine (10 M) similarly abolished the lightevoked spikes (n ϭ 2; data not shown). Since photoreceptor terminals also express L-type Ca 2ϩ channels, nifedipine will reduce glutamate release from photoreceptors (Witkovsky et al., 1997) and thus would tend to tonically depolarize bipolar cells (i.e., nifedipine mimics light). Nevertheless, spikes did not occur. Interestingly, small, light-evoked depolarizations were still present in nifedipine (data not shown; also see Rieke and Schwartz, 1994) , suggesting that, to some extent, transmission from photoreceptors to Mb1 cells was still viable but that the spike-generating mechanism at the bipolar cell terminal had been blocked. ,  1985) .
Finally, the ability of Mb1 cells to generate spikes through activation of their intrinsic membrane conductances was investigated by directly injecting depolarizing current pulses. Figure 6C shows that under currentclamp conditions, injection of small, step-like current depolarizations activated large outward currents, which counteracted the smaller inward flux (data not shown). The spike waveform was found to vary strongly according to the intracellular ionic composition. In dark- Figure 6D illustrates the fast transient inward current activated after the onset of the depolarizing step (from adapted conditions, and in KGluconate-dialyzed cells with a low-Cl Ϫ internal solution, which most closely re-V h ϭ Ϫ60 mV to Ϫ30 mV), which decayed to a smaller, sustained inward current. Both the fast transient and sembles physiological conditions (estimated to be 10 mM; Grant and Dowling, 1996), spontaneous spike amthe sustained components were augmented by BayK 8644, indicating that they were partially mediated by plitude was 14.9 Ϯ 1.9 mV, and mean spike width at half-amplitude was 49.7 Ϯ 5 ms (n ϭ 7 cells). The calcium the activation of L-type Ca 2ϩ channels. In those cells dialyzed with a KGluconate-based internal solution, the channel agonist BayK 8644 was found to enhance not only the spike amplitude (19.7 Ϯ 3.8 mV) but also the peak Ca 2ϩ current amplitude was Ϫ102 Ϯ 9.5 pA (i.e., peak amplitude of initial inward current at Ϫ10 mV, n ϭ width at half-amplitude (72 Ϯ 4.4 ms, n ϭ 14 cells, both light-and dark-adapted). In those cells recorded using 14 cells). When K ϩ conductances were blocked by using Cs ϩ ment to the synaptic terminal, or whether they were a BayK 8644 (10 M) also failed to elicit Ca 2ϩ spikes. tunately, our imaging setup was not equipped for darkadapted experiments, and we thus did not observe Na 2؉ Spikes and Membrane Oscillations spikes by Ca 2ϩ -imaging methods. However, these rein Amacrine Cells sults using retinal slices confirm that the major site of Spontaneous spiking activity in goldfish retinal slices Ca 2ϩ influx is restricted to the axon terminal (see also was not, however, restricted to bipolar cells. Recordings Protti and Llano, 1998), indicating that the Ca 2ϩ influx from amacrine (n ϭ 4) and ganglion (n ϭ 2) cells revealed that triggers the spikes is exclusively localized to the Na ϩ -based action potentials. Figure 8D shows a photomontage of a diffuse amacrine cell whose soma was in axon terminal.
Previously, work with dissociated Mb cells has identia KCl

Discussion
Light-Evoked Ca
2؉ Action Potentials Contrary to the general assumption that all bipolar cells are nonspiking, we have shown that a major class of bipolar cell in retinal slices is capable of generating Ca 2ϩ action potentials, and, more importantly, that it does so in response to light, the natural stimulus. We emphasize also that spikes were observed under a variety of intracellular solutions (e.g., 0.1 or 1.0 mM EGTA and different ionic conditions), suggesting that they were not induced by whole-cell dialysis. Our results thus confirm and extend the recent findings of Zenisek and Matthews (1998), who observed spontaneous Ca 2ϩ action potentials in isolated Mb cells, both in the perforated and whole-cell mode, again indicating that spike occurrence did not depend on the recording mode. We did not, however, observe the long and spontaneous membrane potential flip-flops observed by Burrone and Lagnado (1997), although we did observe small membrane potential fluctuations (Figure 2 ) similar to those they report. However, the Ca 2ϩ spikes reported here differed in several striking ways from the oscillations described by Burrone and Lagnado (1997) and from the Ca 2ϩ action potentials described by Zenisek and Matthews (1998). They were smaller in amplitude, were much narrower, had a stereotyped waveform, and did not present high-frequency oscillations at their peak. These differences may arise from the removal of the retinal circuitry and/or from the enzymatic treatment used to obtain dissociated cells. Indeed, it has been reported that papain affects K ϩ channels in mouse bipolar cells (Klumpp et al., 1995) Figure 3A) . The 1993). We thus speculate that this difference may be due in part to the modulation of gap-junction opening decay phase of the light responses in carp Mb1 cells, however, differed from those in goldfish Mb1 cells in by ambient light levels (Dowling, 1986) , as well as to differences in tonic synaptic input to bipolar cells in that the transient depolarization was followed by a lower level plateau depolarization, which slowly decayed back light-and dark-adapted conditions. This larger input resistance of dark-adapted cells may have an important to baseline at a rate that depended on stimulus intensity. In the goldfish Mb1 cells, we observed instead a surprisphysiological role since it means that a smaller amount of synaptic current will be necessary to trigger a spike ingly pronounced AHP following repolarization. Sakaba et al., 1997b) cell types that are intrinsically best suited to transmit that are colocalized, presumably near synaptic ribbons.
them, due to their morphology and complement of ion The longer spike duration under symmetrical Cl Ϫ sugchannels. The large variety of morphologically and funcgests that a calcium-activated Cl Ϫ current (ICl [Ca] ) is also tionally distinct bipolar cells may thus spring from a involved in the repolarization phase of the Ca 2ϩ spikes, general necessity for efficient signal encoding. The pioas in cone photoreceptors (Maricq and Korenbrot, 1988).
neering studies of Saito and Kujiraoka (1982) exemplify Indeed, an ICl (Ca) localized to the axon terminal has been this idea for the goldfish retina, and it would not be described in isolated goldfish Mb1 cells (Okada et al., surprising if future work reveals similar organizational 1995). The slow depolarizing phase of the action potenprinciples in mammalian retinae. Nevertheless, we emtial following the AHP, which ultimately leads to spike phasize that it still remains to be demonstrated that threshold in BayK 8644, may be due to an I h current bipolar cell Ca 2ϩ spikes occur in vivo, and in other spe-(Kaneko and Tachibana, 1985) . This I h current may thus cies, before one can assume that they are a general set, in part, the oscillation frequency of the cell by bringphenomenon of vertebrate retinae. In vivo studies may ing it to threshold as occurs, for example, in thalamic also be necessary since the slicing procedure may have relay neurons (McCormick and Pape, 1990 
